Objective: Despite the large body of work describing the tumor suppressor functions of Phosphatase and tensin homologue deleted on chromosome ten (PTEN), its roles in adipose homeostasis of adult animals are not yet fully understood. Here, we sought to determine the role of PTEN in whole-body adipose homeostasis. Methods: We genetically manipulated PTEN in specific fat depots through recombinant adeno-associated viral vector (rAAV)-based gene transfer of Cre recombinase to adult PTEN flox mice. Additionally, we used a denervation agent, 6OHDA, to assess the role of sympathetic signaling in PTEN-related adipose remodeling. Furthermore, we chemically manipulated AKT signaling via a pan-AKT inhibitor, MK-2206, to assess the role of AKT in PTEN-related adipose remodeling. Finally, to understand the role of leptin and central signaling on peripheral tissues, we knocked down hypothalamic leptin receptor with a microRNA delivered by a rAAV vector. Results: Knockdown PTEN in individual fat depot resulted in massive expansion of the affected fat depot through activation of AKT signaling associated with suppression of lipolysis and induction of leptin. This hypertrophic expansion of the affected fat depot led to upregulation of PTEN level, higher lipolysis, and induction of white fat browning in other fat depots, and the compensatory reduced fat mass to maintain a set point of whole-body adiposity. Administration of AKT inhibitor MK-2206 prevented the adipose PTEN knockdown-associated effects. 6OHDA-mediated denervation demonstrated that sympathetic innervation was required for the PTEN knockdown-induced adipose redistribution. Knockdown hypothalamic leptin receptor attenuated the adipose redistribution induced by PTEN deficiency in individual fat depot. Conclusions: Our results demonstrate the essential role of PTEN in adipose homeostasis, including mass and distribution in adulthood, and reveal an "adipose PTEN-leptin-sympathetic nervous system" feedback loop to maintain a set point of adipose PTEN and whole-body adiposity.
INTRODUCTION
Adipose tissue is a dynamic endocrine organ which serves not only as a fat storage site but also to secrete adipokines to exert systemic effects [1] . Adipose tissue mass expands through hypertrophy and hyperplasia and is subjected to neuronal, hormonal, and nutritional regulations [2] . Of particular importance to physiological adipose tissue homeostasis is a neuraleadipose axis. Sympathetic innervation to adipose tissue has been reported in many previous studies [3] . Recent work suggests that sympathetic fibers establish neuro-adipose junctions, directly 'enveloping' adipocytes [4] . A later study reports that sympathetic fibers show close apposition to over 90% of adipocytes in adipose tissue [5] . Such sympathetic innervation drives lipolysis when mice are fasting, exposed to cold, and placed in an enriched environment [6, 7] . Adipose lipolysis by sympathetic stimulation involves Gprotein-coupled receptors, including b3-adrenergic receptor in a Protein kinase A (PKA) and cyclic adenosine monophosphate (cAMP) dependent manner [8] . One key target of PKA is hormone-sensitive lipase (HSL) which, together with other esterases, facilitates hydrolysis of triglycerides in adipose tissue [8] . Phosphatase and tensin homologue deleted on chromosome ten (PTEN) is a dual protein and lipid phosphatase with well-documented tumor suppressor functions [9, 10] . The lipid phosphatase actions of insulin mediated glucose uptake [11e13] . Transgenic mouse studies implicate the role of PTEN in adipose tissue development although different models reveal inconsistent phenotypes. The aP2-Cre mediated adipose-specific PTEN knockout (PTEN À/-) mouse line exhibits improved systematic insulin sensitivity and is resistant to streptozotocin-induced diabetes, whereas loss of PTEN in adipose tissue does not alter any fat depot adiposity [14] . In contrast, one recent study reports that inducible PTEN knockout in adipose tissue of adult mice increases adipose tissue mass via hyperplasia associated with enhanced insulin sensitivity [15] . Another study demonstrates that PTEN loss specific in the Myf5 þ adipocyte lineages leads to selective expansion of Myf5 þ adipocyte lineages, while restricting other adipocyte lineages. As a result, differences in PI 3 K activity between adipocytes lineages alter body fat redistribution [16] . On the other hand, the transgenic mice globally overexpressing PTEN (PTEN tg ) show reduced body size, fat accumulation and increased energy expenditure, a hyper-activation of brown fat function, elevated energy expenditure, and leanness [17, 18] . Others report that adipocyte enhancer binding protein1 (AEBP1) and fatty acid binding protein modulates adipogenesis by interacting with PTEN [19, 20] . Although depleting or overexpressing PTENdduring adipogenesis or in the germlineddemonstrates the influence of PTEN on adipocyte differentiation, these studies provide few insights into the role of PTEN in the mature adipose remodeling process. Because fat depots are variable in their distribution and origin, studies based on in vivo PTEN knockout in every adipocyte of mature adipose tissue may not be well-equipped to address heterogeneity of adipose tissue in response to environmental cues and cross-talk among fat depots. Recently, we developed a novel engineered hybrid serotype adenoassociated virus (AAV), Rec2 (AAV-Rec2). This hybrid serotype achieves superior transduction of adipose tissue when compared to the naturally occurring AAV serotypes and allows for genetic manipulation of fat depots of interest in vivo [21e23]. Others have applied the Rec2 serotype vectors to manipulate adipose tissues in various mouse models [24e26]. To improve selectivity of adipose transduction, we generated a novel AAV expression plasmid harboring two expression cassettesdone using the non-selective CBA promoter to drive transgene expression, and the other using a liver-specific albumin promoter to drive a microRNA targeting the woodchuck posttranscriptional regulatory element (WPRE) sequence that only exists in this rAAV vector. The dual cassette vector achieves highly selective transduction of visceral fats while severely restricting off-target transduction of liver by intraperitoneal administration [22, 27] . Here, we use this unique delivery system to manipulate PTEN expression in an individual fat depot to investigate how PTEN modulates fat depots distribution in adult mouse and discover a PTEN-leptin-sympathetic signaling loop that regulates adipose redistribution.
MATERIAL AND METHODS
Mice. PTEN flox C57Bl/6 breeders were purchased from Jackson Lab (Stock No: 006440) to establish a colony. Sex and age of mice were indicated in each experiment. All use of animals was approved by, and in accordance with the Ohio State University Animal Care and Use Committee. Mice were housed in temperature (22e23 C) and humidity-controlled rooms with food and water ad libitum. We fed the mice with normal chow diet (NCD, 11% fat, caloric density 3.4 kcal/g, Teklad). rAAV vector construction and packaging. The rAAV plasmid contains a vector expression cassette consisting of the CMV enhancer and chicken b-actin (CBA) promoter, woodchuck post-transcriptional regulatory element (WPRE) and bovine growth hormone poly-A flanked by AAV2 inverted terminal repeats. rAAV serotype Rec2 vectors for PTEN and Cre recombinase included a second cassette encoding a microRNA driven by the albumin promoter to prevent transgene expression in the liver. The sequence of dual cassette design with Cre transgene is shown in Supplementary sequence file. Vectors were constructed as previously described [22] . The details of generation of Rec2 serotype are described before [28] . Unilateral Injections of Rec2-Cre to the iWAT. Male PTEN flox mice, 9 weeks of age, received unilateral injections to the iWAT of Rec2-Cre. The contralateral iWAT deposit was manipulated identically, but Rec2-Empty was administered instead. Surgical injections of rAAV vectors to the iWAT were performed as previously described [21, 29] . Briefly, animals were anesthetized with 2% isoflurane. Surgical sites were shaved and sanitized with Betadine and 70% ethanol. A roughly 1.5 cm incision in the skin was made to expose the iWAT. A single injection was administered into the center of the adipose depot, containing a dose of 2 Â 10 10 viral genomes, diluted in 20 mL AAV buffer. Surgical wounds were closed with 4-0 PDS II FS-2 sutures. Administration of Rec2-Cre was alternated between anatomical right and left iWAT depots. Intraperitoneal Injections of Rec2-Cre. Female PTEN flox C57Bl/6 mice, 9 weeks of age, were randomly assigned to receive a single intraperitoneal injection of Rec2-Cre or Rec2-Empty as previously described [22] at the dose of 2.0 Â 10 10 viral genomes diluted in AAV buffer to a volume of 100 mL.
AKT inhibitor study. A mixture of MK-2206 (MedChem Express #HY-10358) was created at a concentration of 3.5 mg/mL in saline. MK-2206 has low solubility in water and saline, so the mixture was warmed in a water bath at 37 C for 10 min. The mixture was then sonicated in a water bath (VWR model 50T) for 15 s and vortexed multiple times. When the solution appeared homogenous, aliquots were made and stored at À20 C for later use. Age-matched male PTEN flox mice were randomly assigned to receive Rec2-Cre (n ¼ 10) or AAV viral dilution buffer (n ¼ 7) via IP injection at a dose of 1.5 Â 10 10 vg/100 mL/mouse. Two weeks following viral injection, IP MK-2206 administration began at a dose of 50 mg/kg every two days for 9 total doses. Serum and adipose tissues were collected for analysis at the end of study. rAAV-microRNA vector construction. MicroRNAs were created to target mouse full length leptin receptor (miR-Lepr). Two targeting sequences were selected according to Invitrogen's RNAi Designer (www.invitrogen.com/rnai) and firstly cloned into the Block-iT Pol II miR RNAi Expression vector (pcDNA6.2-Gw/miR, Invitrogen) and then cut and ligated into our rAAV plasmid with a CBA promoter [30] . To select the most effective microRNA, the miR-Lepr expressing plasmids were co-transfected with a LepR expression plasmid (Lepr, MR226855, ORIGENE) to HEK293T cells. Western blotting showed the miR-Lepr with targeting sequence of 5 0 -TATCGTTGCTGACCAGAGTTG-3 0 knocked down the Lepr expression approximately 50% in culture (data not shown). This miR-Lepr was selected for in vivo study. A scrambled miRNA (miR-Scr, a scrambled sequence targeting no known gene, Invitrogen) was used as a control and was cloned into the rAAV backbone plasmid. rAAV serotype 1 vectors carrying miR-Lepr or miR-Scr were packaged and purified as described previously [30] . Hypothalamic leptin receptor knockdown experiment. Agematched male PTEN flox mice were randomly assigned to two groups and injected with AAV1-miR-Lepr or AAV1-miR-Scr (1.0 Â 10 10 particles/1.0 mL per side) bilaterally into the arcuate/ventromedial hypothalamus (AP: -1.20 mm, ML: AE0.50 mm, DV: -6.20). Stereotaxic surgery was performed as previously described [31] . Two weeks after stereotaxic surgery, each miR-injected group was randomized to receive adipose injections of Rec2-Cre or Rec2-Empty to the anatomical right iWAT depot. Five weeks after Rec2-Cre injection, the four groups of mice: miR-Scr/Empty, miR-Scr/Cre, miR-Lepr/Empty, and miR-Lepr/Cre were euthanized. Serum, hypothalamic tissue, and adipose tissues were obtained for further analysis. Sympathetic denervation of the iWAT in PTEN knockdown study. Male PTEN flox C57BL/6 mice, 9 weeks of age, were randomly assigned to receive a single intraperitoneal injection of Rec2-Cre or Rec2-Empty. Three days after viral injection, we performed a chemical denervation. Unilateral denervation of the iWAT was achieved through surgical exposure of the inguinal adipose depot followed by low volume injections of 6OHDA. One side of the inguinal adipose received five injections evenly distributed throughout the tissue, with 6 mL of 8 mg/mL 6OHDA in 0.01 M PBS plus 1% ascorbic acid. The contralateral depot was handled identically but injected with vehicle (0.01 M PBS plus 1% ascorbic acid). Serum harvest and biomarkers measurement. Trunk blood was collected at euthanasia. We prepared serum by allowing the blood to clot for 30 min on ice followed by centrifugation. Serum was diluted at least 1:10 in serum assay diluent and assayed using the following ELISA kits: mouse Adiponectin (R&D Systems #DY119) and Leptin (R&D Systems #DY498). Glucose (Cayman Chemical # 10009582) and triglycerides (Cayman Chemical # 10010303) were measured using colorimetric assay kits. Insulin was measured using an ultrasensitive mouse insulin ELISA (Alpco Diagnostic #80-INSMSU-E01). Hypothalamic Microdissection. Brains were quickly isolated, and the hypothalamus was dissected from 2 mm-thick-coronal sections (À0.7w-2.7 mm from bregma, 1.5 mm dorsal to the bottom of the brain, 1 mm bilateral to the midline) under a dissection scope. The hypothalamus block sections were rapidly frozen at À80 C. Western Blotting. Tissue samples were homogenized in ice-cold RIPA buffer (Pierce #89901) containing 1x Phosstop (Roche #4906845001) and protease inhibitor cocktail III (Calbiochem #539134). Tissue lysates were separated by gradient gel (4e20%, Mini-PROTEAN TGX, Bio-Rad #4561096), transferred to a nitrocellulose membrane (Bio-Rad #1620115). Blots were incubated overnight at 4 C with the following primary antibodies, Actin (Cell Signaling #4970, 1:1000), phospho-AKT-Ser 473 (Cell Signaling #9271, 1:1000), phospho-AKT-Thr 308 (Cell Signaling #9275, 1:1000), total AKT (Cell Signaling #9272, 1:1000), PTEN (Cell Signaling #9552, 1:1000), Vinculin (Cell Signaling #46050, 1:1000), PGC1-a (Cell Signaling #2178, 1:500), UCP-1 (Abcam #ab23841, 1:1000), phosphor-HSL-Ser 660 (Cell Signaling #4126, 1:1000), and HSL (Cell Signaling #4107, 1:1000). Blots were rinsed and incubated with HRP-conjugate secondary antibody (Bio-Rad). Chemiluminescence signal was detected and visualized by LI-COR Odyssey Fc imaging system (LI-COR Biotechnology, Lincoln, NE). Quantification analysis was carried out with image studio software version 5.2 (LI-COR Biotechnology). Quantitative RT-PCR. We isolated total RNA using RNeasy Lipid Kit plus RNase-free DNase treatment (Qiagen #74804). We generated first-strand cDNA using TaqMan Reverse Transcription Reagent (Applied Biosystems #N8080234) and carried out quantitative PCR using StepOnePlus Real-Time PCR System (Applied Biosystems) with the Power SYBR Green PCR Master Mix (Applied Biosystems #A25742). Primer sequences are shown in Supplementary Table. We calibrated data to endogenous control Actb or Hprt1 and quantified the relative gene expression using the 2 ÀDDCT method [32] . H&E staining and image analysis. A portion of fat depots were fixed in 10% formalin. Paraffin sections (4 mm) were processed and H&E staining were performed by the Comparative Pathology and Mouse Phenotyping and Histology/Immunohistochemistry (CPMPSR) core of the Ohio State University Comprehensive Cancer Center. Adipose tissue sections were imaged at 20Â magnification using a Nikon Eclipse 50i microscope with an Axiocam 506 color camera attachment through ZEN 2 software. For each field, adipocyte area was measured in FIJI using a semi-automated custom method based on the Adiposoft algorithm [33e35]. Briefly, each image was split into H&E color channels by Color Deconvolution, then made binary by the Otsu thresholding algorithm [36] . The images were then filtered with opening and median operators with the Morphological Filters plugin to sharpen cell boundaries [37] . Automated particle subtraction and manual removal of extraneous particles were performed to reduce noise. In white adipose tissue, a cutoff of 100 mm 2 was used as the minimum size for an adipocyte.
Statistical analysis
Data are expressed as means AE SEM. JMP, IBM SPSS v.25, and GraphPad Prism 7 statistical software were used to analyze data. The Student's t test was utilized for comparisons between two groups. For the MK-2206 and miR-Lepr studies, two-way ANOVAs were performed with the Holm-Sidak post hoc test for pairwise comparisons.
Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding author upon request.
Resource availability
The dual-cassette AAV expression plasmid containing Cre transgene and AAV expression plasmid containing miR-Lepr generated during the current study are available from the corresponding author upon request.
RESULTS

Unilateral knockdown of PTEN in the inguinal adipose tissue
To investigate the consequences of reduced PTEN levels in the adipose tissue, we utilized a dual-cassette, adipose-targeting rAAV-Rec2 vector [22] to deliver Cre recombinase to the inguinal white adipose tissue (iWAT) in PTEN flox mice. Nine-week-old male PTEN flox mice received direct injections containing 2.0 Â 10 10 viral genomic particle (vg) of Rec2-Cre to one side of iWAT. The contralateral side of iWAT depot was injected identically with 2.0 Â 10 10 vg of Rec2 vector carrying the same expression cassettes but no transgene (Rec2-Empty). We have previously demonstrated that inguinal fat pad injection of rAAV-Rec2-GFP with the CBA promoter shows no transgene expression in muscle, kidney, and only scarce transgene positive cells in liver [21] , indicating local injection causes a limited leak in the circulation. The use of a dual-cassette liver-restricting vector further prevented off-target transgene expression [22] . Age-and weight-matched untreated PTEN flox animals were included as an additional control. Animals were sacrificed 7 weeks post rAAV injection. Rec2-Cre treatment dramatically expanded the transduced iWAT depot while significantly reducing the size of the contralateral iWAT pad (Rec2-Empty injected) in comparison to PTEN flox controls (Figure 1AeC ). Browning of the contralateral iWAT was visually apparent ( Figure 1C ). Total gonadal WAT (gWAT), retroperitoneal WAT (rWAT), and brown adipose tissue (BAT) were substantially reduced in Rec2-Cre treated animals ( Figure 1A,B ). Although the contralateral iWAT was smaller, the massive increase in Rec2-Cre treated iWAT led to an increase in total iWAT weight ( Figure 1A) . No significant changes were seen in body or liver weights ( Figure 1A ). H&E staining of collected tissues showed enlarged adipocytes in Rec2-Cre-treated iWAT whereas smaller adipocytes in the contralateral iWAT of the same mouse as well as visceral fat depots compared to PTEN flox controls ( Figure 1E ). Image analysis confirmed the hypertrophy of Cre-treated iWAT and significantly reduced size of adipocytes in the contralateral Rec2-Empty treated iWAT ( Figure 1F ,G). Animals receiving Rec2-Cre treatment displayed significantly reduced adipocyte size in the gWAT ( Figure 1F ,G).
We profiled levels of biomarkers in serum collected at sacrifice and found no significant differences in the concentrations of glucose, insulin, adiponectin, or triglycerides ( Figure 1D ). There was however a striking rise (approximately 4-fold) in serum leptin level in Rec2-Cre treated animals ( Figure 1D ). Western blots of iWAT lysates were performed to verify knockdown of PTEN, evaluate the impact on distal insulin signaling, and detect WAT browning (Figure 2A,B ). In the Rec2-Cre injected iWAT, PTEN was drastically reduced and phosphorylation of AKT at S473 and T308 was significantly enhanced compared to PTEN flox controls. In the contralateral Rec2-Empty treated iWAT of the same mouse, protein levels of PTEN were significantly increased (Figure 2A,B) . Additionally, beige cell markers including uncoupling protein 1 (UCP-1) and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1-A, encoded by Ppargc1a), were significantly increased (Figure 2A,B) . To examine the impact of PTEN knockdown on lipolysis, phosphorylation of HSL was determined by western blotting. Adipose knockdown of PTEN diminished phosphorylation of HSL ( Figure 2C,D) . A similar experiment was performed in female PTEN flox mice. The results were largely consistent to findings in male mice. An approximately 3-fold increase of the Cre-treated iWAT size, a substantial decrease in visceral fat depots size, and a drastic increase of leptin level in the circulation were observed (Figure 3AeC ). Gene expression was examined in the iWAT by quantitative RT-PCR. Compared to PTEN flox controls, the Cre-treated iWAT showed significant downregulation of Pten, Adrb3, and Hsl whereas robust upregulation of Lep was observed ( Figure 3D ). In contrast, the contralateral iWAT of the same animal showed significant upregulation of Pten, Ppargc1a, Ppara (encoding peroxisome proliferator-activated nuclear receptor alpha), and Ucp1 ( Figure 3D ). Moreover, Rec2-Cre injection to a single iWAT depot significantly upregulated the expression of Pten, Ppargc1a, and Ucp1 in the gWAT of female mice ( Figure 3E ). We then profiled the hypothalamic gene expression of receptors involved in energy balance regulation. Rec2-Cre treatment had no effects on the expression of insulin receptor (Insr) or melanocortin receptor 4 (Mc4r) but resulted in upregulation of long-form leptin receptor (Obrb) expression ( Figure 3F ).
Knockdown of PTEN in visceral adipose
To characterize the effects of reduced PTEN expression in the visceral adipose tissue, female PTEN flox mice were randomized to receive a single intraperitoneal (IP) injection of 2.0 Â 10 10 vg of Rec2-Cre or Rec2-Empty as a control. Our previous study revealed that the dualcassette rAAV-Rec2 vector targets adipose tissue via IP delivery and achieves highly selective transduction of visceral fats, while significantly restricting off-target transduction of liver and resulting in no detectable transduction in others tissues, such as kidney, intestine, and testes [22] . Weekly monitoring revealed no significant decrease in food intake ( Figure 4B) . A significantly lower body weight was observed in Rec2-Cre injected animals by 5 weeks after Cre treatment ( Figure 4A ). Weekly blood draws were performed to monitor serum leptin levels and a progressive rise of serum leptin levels was observed in Rec2-Cre treated mice ( Figure 4C ). Rec2-Cre treatment did not affect glucose tolerance 4 weeks following rAAV injection ( Figure 4D ). Animals were sacrificed for collection of blood and tissue 7 weeks after rAAV injection. IP delivery of Rec2-Cre led to an approximately 4-fold increase of the mesenteric WAT (mWAT) and an approximately 2-fold increase of the gWAT, while the rWAT, iWAT and BAT were reduced (Figure 4GeI ). Shrinking and beiging of the iWAT was visually apparent ( Figure 4H ). At sacrifice, serum leptin was robustly elevated while adiponectin level was not significantly changed when compared to mice receiving Rec2-Empty ( Figure 4E ,F).
Inhibition of AKT signaling prevents adipose PTEN knockdownassociated effects
In the adipose tissue subjected to experimental PTEN knockdown, we observed adipose hypertrophy, an increase in leptin level, and an increase in p-AKT (Figure 1 and Figure 2 ). As such, we asked whether AKT signaling mediates the PTEN knockdown-associated changes and thus chose MK-2206, a pan AKT inhibitor, to test this hypothesis. In pilot studies, we determined that IP injection of 50 mg/kg was a safe and efficacious dose to inhibit AKT for in vivo applications ( Supplementary Figure 1) . PTEN flox mice were randomized to receive an IP injection of Rec2-Cre or AAV buffer. AKT inhibitor MK-2206 treatment was initiated two weeks after rAAV injection ( Figure 5A ). In the control mice without PTEN knockdown, AKT inhibitor treatment did not significantly alter iWAT mass, gWAT mass, or serum leptin levels (Figure 5BeD) . Adipose PTEN protein levels were not significantly affected by AKT inhibitor treatment alone ( Figure 5 E, F) . Additionally, MK-2206 administration led to a slight decrease in p-AKT within control mice. Consistent with previous data, PTEN knockdown in visceral fat resulted in an approximately two-fold increase in gWAT mass, an approximately three-fold increase in serum leptin level, and an approximately fourfold increase in p-AKT in the gWAT (Figure 5CeG ), all of which were blocked upon AKT inhibitor treatment (Figure 5CeG ).
Sympathetic denervation of iWAT blocks visceral fat PTEN knockdown-induced iWAT remodeling
Regarding the PTEN knockdown-induced adipose remodeling and redistribution, we hypothesized that PTEN knockdown in one fat depot led to drastic increase of leptin level and thereby elevated sympathetic tone to other fat depots to counteract the expansion of the fat depot where PTEN was knocked down. To determine whether sympathetic innervation was required for the remodeling of untreated adipose tissue, we performed a chemical denervation study following Rec2-Cre injections in PTEN flox mice, outlined in ( Figure 6A ). Male PTEN flox mice were randomly assigned to receive a single IP injection of 2.0 Â 10 10 vg of Rec2-Cre or Rec2-Empty. Three days after rAAV administration, a single side of the iWAT was chemically denervated using 6hydroxydopamine (6OHDA) [38] . Weekly monitoring revealed no significant differences in food intake or weight gain (data not shown). Mice were sacrificed 7 weeks after rAAV treatment. Rec2-Cre-treated mice showed significantly higher serum leptin level ( Figure 6F ), substantial enlargement of the mWAT and gWAT, and a reduction of BAT mass ( Figure 6B,D) , consistent with results found in female mice with IP Rec2-Cre administration (Figure 4) . IP Rec2-Cre treatment caused involution and browning of the iWAT depot subjected to sham surgery (Figure 6CeE ). In contrast, 6OHDA treatment blocked these phenotypic changes (Figure 6CeE ).
Knockdown of hypothalamic leptin receptor attenuates the adipose redistribution induced by unilateral iWAT PTEN deficiency
Leptin exerts metabolic influence over adipose tissues through interaction with its receptors in the hypothalamus [39e41]. To examine the role of leptin in the adipose redistribution induced by PTEN knockdown in a single fat depot, we generated a microRNA targeting leptin receptor (miR-Lepr) to suppress leptin signaling (Supplementary Figure  1) . A rAAV1 vector carrying the miR-Lepr was injected to the hypothalamus of PTEN flox mice bilaterally. A microRNA targeting no known genes was used as a control. Two weeks post hypothalamic AAV1 injection, mice of each group were randomized to receive unilateral iWAT injection of Rec2-Cre or Rec2-empty ( Figure 7A ). We then examined the impact of PTEN knockdown in one iWAT depot and the untreated, contralateral iWAT depot. The Lepr miRNA study design is outlined in (Figure 7A ). Hypothalamic Lepr expression in the mice receiving rAAV1-miR-Lepr was approximately 50% lower as compared to the mice receiving rAAV1-miR-scr, confirming the efficacy of miR-Lepr ( Figure 7B) . Changes in body weight remained similar among all four groups during the eight weeks experiment (data not shown). In mice receiving AAV1-miR-scr, iWAT injection of Rec2-Cre resulted in robust enlargement of the affected fat pad and the reduction of the contralateral untreated iWAT ( Figure 7C ), consistent with previous data regarding unilateral PTEN knockdown in iWAT (Figure 1 ). In mice receiving AAV1-miR-Lepr, Rec2-Cre-injected iWAT displayed a similar enlargement while the shrinkage of the untreated contralateral iWAT was substantially attenuated ( Figure 7C ). Moreover, we calculated the ratio of the Rec2-iWAT treated and the untreated contralateral iWAT of each mouse as a parameter of the selective PTEN knockdown-induced adipose redistribution. AAV1-miR-Lepr treatment significantly attenuated the iWAT redistribution ( Figure 7D ). Leptin expression in iWAT tissues was analyzed by qRT-PCR ( Figure 7E ). In mice receiving AAV1-miR-scr, Rec2-Cre led to upregulation of Lep expression in the treated iWAT and downregulation of expression in the untreated contralateral iWAT, leading to drastic alteration of the ratio between the two iWAT depots (Figure 7E,F) . These changes of leptin expression were completely blocked in mice receiving AAV1-miR-Lepr ( Figure 7E,F) . It is worthy to note that knockdown leptin receptor expression in hypothalamus by AAV-miR-Lepr slightly induced leptin expression in Rec2-iWAT ( Figure 7E ), a possible feedback response to central leptin receptor suppression.
DISCUSSION
Here, we found that PTEN knockdown in an individual fat pad resulted in drastic hypertrophy and mass enlargement of the affected fat depot and, in response, substantial shrinking of other fat depots, thereby leading to adipose redistribution in adult mice. Our mechanistic studies elucidate one underlying mechanism, an adipose PTEN-Leptin-Sympathetic nerve activation loop (Figure 8 ).
Leptin is produced and secreted predominantly from adipose tissues, and blood leptin level in the fed state correlates with adipose tissue mass [42] . Leptin levels typically mirror the extent of whole-body adiposity but can fluctuate based on feeding state [43] . Leptin secretion is enhanced in adipocytes due to insulin stimulation and this effect requires activation of the AKT pathway. In addition, AKT signaling is one of major pathway participating in adipogenesis and adipocyte proliferation [44] . In this study, AKT inhibitor treatment prevented the phenotypes of PTEN knockdown in individual fat depot including the enlargement of the PTEN-deficient adipose depot, the leptin surge, and the reduction of the contralateral depot mass. Therefore, activation of AKT signaling is downstream of PTEN knockdown and a mechanistic driver for the observed adipose redistribution feedback loop. Leptin binds its receptors in hypothalamus to elevate central sympathetic outflow [45] and also modulates adipose lipolysis on stimulation of local nerve endings within adipose tissue [4] . Increasing plasma leptin level above the endogenous concentration by subcutaneous leptin infusion results in a dose-dependent loss of body fat content.
Other studies, such as measurement of norepinephrine turnover by leptin administration and the effect of peripheral administration of leptin on 6OHDA denervation of adipose pads, suggest that leptin may act directly on adipose tissue for remodeling [46, 47] . Together, previous work suggests that leptin can act both centrallydon the hypothalamusdand locallydon adipose tissuedto promote lipolysis and hypotrophy. In this study, leptin likely serves as the mediator of adipocyte PTEN deficiency-induced fat redistribution. Our 6OHDA denervation study demonstrated that sympathetic nerve inputs blockage blunted contralateral fat mass change, indicating sympathetic outflow was required for PTEN deficiency-induced fat redistribution. Furthermore, the rAAV1-miR-Lepr mediated suppression of hypothalamic leptin receptor attenuated contralateral adipose depot mass reduction indicating the role of central leptin signaling. Together, these experiments ( Figures 6 and 7 ) support the notion that leptin mediates the observed adipose PTEN feedback loop, at least in part, through hypothalamic leptin signaling and sympathetic innervation ( Figure 8 ). However, our study cannot rule out leptin's local direct effect on adipose remodeling also requiring intact SNS. Of note, knockdown of PTEN in one individual fat depot resulted in compensatory upregulation of PTEN in other fat depots, suggesting a homeostatic set point of adipose PTEN. Our study reveals a regulatory loop: PTEN deficiency in one adipose depot activates the AKT pathway, inhibits lipolysis, causes adipocyte hypertrophy, and increases leptin production and release. The subsequent surge of leptin level in circulation, in part through hypothalamic leptin receptor, leads to elevation of sympathetic tone to other fat depots and thereby upregulates PTEN expression, induces beige program, and shrinks the fat mass. The "adipose PTEN-leptineSNSePTEN" loop contributes to the maintenance of whole-body adiposity and adipose distribution in adult animals (Figure 8) . One limitation of the study is the lack of measurement of energy expenditure. As total adipose tissue weight was not altered due to PTEN-leptin redistribution of fat, whole body energy expenditure is unlikely to be disturbed on chow diet feeding. Our results suggest that there is a homeostatic set point of adipose PTEN that is maintained via central-peripheral leptin signaling. The implied PTEN/leptin-driven energy expenditure would be in line with recent studies, which suggest that leptin is not thermogenic [48, 49] . Thus, the non-thermogenic nature of leptin in whole-body metabolism merits further study. Our results also demonstrate that local manipulation of PTEN in selective adipose depots can have a profound impact on whole body fat redistribution. However, body weight, food intake, and systemic glycemic control remained largely unaltered, which could be due to activation of insulin signaling downstream effector-AKT signaling pathway in hypertrophic adipose depots and thereby may help improve the functionality of the hypertrophic adipose depots [15] . These observations also may be due to the relative short time course of our studies using AAV-mediated manipulation compared to transgenic mouse models, lack of metabolic challenges [14, 15] , the regulatory loops that limit PTEN activity, or the relatively small metabolic contribution attributed to a small WAT portion. Future studies will further assess the role of adipose PTEN in long-term regulation of adiposity and systemic metabolic regulation under normal or obesogenic conditions. In summary, our studies uncover a previously unexamined role of PTEN as a potent regulator of adipose tissue homeostasis and adipokine secretion. Furthermore, our data reveal a novel "adipose PTEN-leptin-SNS" feedback loop. A PTEN deficiency in individual adipose depot promotes hypertrophic expansion of affected adipose tissue and induces leptin surge in the circulation, which in turn activates sympathetic tone to other adipose depots to increase PTEN level, promote lipolysis, and reduce fat mass to maintain a set point of whole-body adiposity.
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